Abstract-This paper investigates an adaptation of Wireless Sensor Networks (WSNs) to cattle monitoring application. The proposed solution facilitates a desired requirement of continuously assessing the condition of individual animal, aggregating and reporting these data to the farm manager. There are several existing approaches to animal monitoring, from using a store and forward mechanisms to employing a GSM technique. These approaches for monitoring livestock health can only provide sporadic information and introduce a considerable cost in staffing and physical hardware. The core of this study is to overcome the aforementioned drawbacks by using alternative low cost, low power consumption sensor nodes, which are capable of providing real-time communications at a reasonable hardware cost. In this paper, the hardware and software have been carefully designed to provide early indication of possible outbreaks while conforming to WSNs' stringent limitations.
INTRODUCTION
The farming industry is an important sector of the UK economy with an annual turnover of around £ 5.8 billion. Close to three quarters of the country's land are used for farming and which employs over half a million people [1] . In recent history, there have been a number of major animal disease outbreaks in the UK. The two most significant incidents were the bovine spongiform encephalopathy (BSE) outbreak and foot and mouth disease (FMD) outbreak, which took place in 1986 and 2001 respectively. 4.5 million cows were incinerated after the identification of BSE and over 4 million livestock were slaughtered to stop the spread of foot and mouth disease. In total, these diseases are estimated to have cost the UK economy £ 13 billion [2] .
It is always desirable to implement a health monitoring programme to observe the condition of animal as well as to prevent the outbreaks of animal diseases. Various researchers [3] [4] [5] have used wireless networks with a mounted sensory device (i.e., collar) to track individual animal activity and to monitor the health condition. One noteworthy example of this is 'ZebraNet' [3] . Devices mounted on the zebra routinely exchange data such as GPS position with all other devices that fall within their transmission range. If sufficient memory space is available, a user could then download historical position data of multiple animals by approaching a single zebra. Sikka et al. [4] deployed a mixture of static and mobile sensors to monitor soil moisture and cow movement. The static nodes measure soil moisture profiles at varying depths while the mobile nodes are carried by the livestock to investigate animal behaviours. Both schemes [3, 4] are based on a store and forward approach which may not be applicable in WSNs since the memory space of sensor node is scarce. Moreover, the maintenance and labour cost is high since the retrieval of the aggregated measurement from animals requires physical human access. The approach employed by [3, 4] may also suffer a considerable delay in packet delivery if the stored data is not frequently updated with the newly measured data. Mayer et al. [4] retrieve data from animal mounted device by utilising GSM infrastructure to facilitate real-time communication. However, this becomes prohibitively expensive in the case of monitoring large number of animals (i.e., a collar can typically cost approximately 1700 Euros) [5] .
Having discussed the basic problems of present schemes [3] [4] [5] , the ultimate goal of this article is to design a network system that uses alternative low-cost, low power consumption sensor nodes to facilitate a real-time health monitoring application. To achieve this goal, firstly, an antenna diversity collar is designed to improve the performance of radio coverage in farm field. Secondly, in contrast to traditional store and forward mechanism, a particular routing protocol is presented to facilitate multi-hop connectivity. In this protocol, each node determines its next nearby hop based on current network connectivity and traverse hop distance, that falls between destination point and present position. Utilising the above information, the packet can be forwarded straightforwardly by comparing the traverse hop distance between the sender and the most current preferred receiver. The packet will move one hop closer to the destination at each forwarding stage. Eventually, the forwarded packet will arrive at the base station with an implicit routing path. The designed protocol skips the time spent in creating and maintaining an explicit routing path that results in shorter packet delay. To our best knowledge, no routing schemes are currently available to support animal monitoring.
CHALLENGES
Sensor nodes are known for their constrained capacities in terms of energy storage, limited computation power and memory capability, etc. For example, a MICAz node [6] is powered by two alkaline AA batteries and has only one 4 MHz processor with 128 KB of memory and 4 KB of RAM. Giving these inherent limited capacities, implementing communication devices for cattle monitoring application raises specific and severe challenges. The major challenges include:
• Radio attenuation caused by animal body. The radio performance needs to be improved from the attenuation caused by the animal body. In cattle health monitoring applications, the cattle are generally fed in herd and this massively increases the surface area, which will seriously affect the radio performance. The reason is due to radio absorption taking place at the animal's body [7] . Ideally, communications hardware should be capable of minimising the impact of through body attenuation. This will be addressed in Section 3.
• Memory is scarce in sensor nodes. As a result of the severe memory constraints inherent within sensor networks, the traditional store and forward approach is not feasible. Therefore a robust routing protocol is needed to instantly forward the measured data back to base station through multi-hop.
• Mobility. Presently, in most WSN monitoring applications, e.g., [9] , the sensor nodes are assumed to be static. One of the major issues raised when the sensor nodes are mounted on the cattle the location of sensor nodes changes frequently. The network topology and routing path configurations should be dynamic in responding to frequent movement of animal and embrace the impact occurred in the performance of packet delivery.
WIRELESS COMMUNICATIONS
In the cattle monitoring system, the animal is free to roam around and wireless methods are considered the only feasible option to establish and maintain communications between a base station and collar attached on cattle. Access to the range of radio frequency bands is regulated by various standards bodies such as International Telecommunication Union (ITU). WSNs use unlicensed bands, which are the ISM -industrial, scientific and medical radio bands, were originally reserved internationally for non-commercial used of radio frequency (RF) electromagnetic fields. In this paper, most of the trials are conducted using 2.4 GHz ISM band, as this available globally. An estimation of signal penetration rate through animal's body can be made using data obtained from a detailed study of dielectric properties of body tissues [7] . While this is not completely accurate, the electric properties of mammalian tissue are expected to be reasonably similar between species. Table 1 summarises penetration depth of common ISM band frequencies. Table 1 shows that the penetration rate is less than 2.5 cm in fleshy tissues (skin/muscle) when transmitting at 2.4 GHz. The lower frequency band of 315 MHz has a better penetration depth but the width of cow neck is approximately 0.25 m, therefore it is not possible for any radio signal to reliably penetrate through the animal's body and establish network connectivity. An antenna diversity scheme was examined, in which two antennae (placed at top left and top right of the collar) can be used to optimise the collar radio coverage. The locations of the antennae are carefully considered so that signal propagates efficiently outward with fewer impediments from the other cattle in the proximity. Figure 1(c) illustrates positions of the antennae and Figure 1(b) shows how the signal propagates outward in a desired fashion. Farm trials of antenna diversity enabled collars were carried out at a research farm. A single antenna diversity collar was mounted on a dairy cow placed within a small herd of 14 cows in a 12 m × 20 m collecting yard. A set of RSSI was collected for each collar during a pre-set time interval. The received RSSI is consistently 10 to 15 dB higher for one antenna (Figure 2 ). It may be deduced that antenna 1 clearly is oriented with the antenna in the line of sight of the base station whereas antenna 2 is oriented away from the base station. As a consequence, antenna 1 records a consistently higher received signal strength and a greater number of packets are received during the same time interval. 
THE DESIGN OF IMPLICIT ROUTING PROTOCOL
In the cattle monitoring system, the connectivity between each collar is said to be sporadic leading to an unstable routing path and resulting in increased packet delay. To diminish the impact of mobility, an Implicit Routing Protocol (IRP) is designed particularly for the cattle monitoring systems. The proposed IRP works in the two phases: configuration phase and data forwarding phase. During the configuration phase, the BS periodically floods a TIER message throughout entire network. This TIER message contains a BS's ID field, and a hop count field. The hop count field is used to track the number of hops the TIER message has traveled from the base station. The tiers are numbered starting from the base station. A collar in a given tier, n, which represents it is n-th tier away from the BS. This critical information is defined as TIER ID. As animals are free to move around, the base station is required to send a TIER message periodically at intervals of T s to maintain this configuration correctly. At the data forwarding phase, if the collar is desired to report its measured data back to the base station, it will form a packet containing its current TIER ID and measurement data. This packet is then broadcasted data to its vicinity. Only collars which have a smaller TIER ID will respond with an acknowledgment (ACK). This collar after acknowledging to the source collar will broadcast the received packet. Collars that have an equal or larger TIER ID will discard the received data immediately. This forwarding rule will then repeat until the data arrives at the BS. The idea behind this forwarding rule is that the measured data will move one hop closer to the BS at each forwarding stage. This section further investigates the performance of proposed routing scheme and verifies the effectiveness through empirical experiments. The IRP is implemented on the MICAz node using TinyOS [8] sensor network operation system. The testbed is configured with a 3-hop network with one source node, one base station (BS) and N pairs of intermediate relay nodes. Figure 3 illustrates the test bed configuration N = 4, and in each tier there are 4 relay nodes. During each experiment, the source node generates 10,000 packets in which each packet has 85 bytes in payload with an interval of 250 ms. In order to simulate the phenomena of moving cows leading to a sporadic link between any sensor nodes, an asynchronous random "on/off " mechanism is implemented. When a sensor node stays in "off " mode, it represents the cow has moved out of the communication range and when a sensor node is switched back to "on" mode it represents previous cow (or a new cow) has enter the communication range. This "on/off mechanism" is characterized by an "off " probability P off which determines the probability the sensor node's radio stay at "off " mode. Figures 3 and 4 show the network performances that are impacted severely as P off increases. This is due to the fact that the amount of time the sensor node in "off " state is prolonged. However, the performance is improved when the number of sensor nodes in each tier increases. 
CONCLUSIONS
An overview of a couple of issues relating to cattle monitoring have been reported. This paper provides an alterative solution for animal monitoring system by using low-cost, low power consumption sensor nodes. To facilitate real-time reporting while overcoming mobility caused by animal movement, an Implicit Routing Protocol (IRP) is particularly designed. The experimental results indicated that the proposed IRP can significantly diminish the impact of mobility under varying "off" probability, different quantity of sensor node and the occurrence of network reconfiguration. In the near future, the designed routing protocol is expected to be used in the farm trial in order to study its operation and implication in the field.
